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Abstract

Symbol pre-distortion is proposed to restrain subcarriers-to-subcarriers beating
interference (SSBI) in radio frequency-tone (RF-tone) assisted baseband optical
orthogonal frequency division multiplexing (OFDM) system. Simulation results
demonstrate that the 40Gbps 16QAM RF-tone assisted baseband OOFDM system with
symbol pre-distortion has a 4dB better sensitivity compared to that without pre-
distortion after 100km single mode fiber (SMF) transmission.
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1. INTRODUCTION

Optical OFDM is an attractive candidate for next generation high capacity metro transport
networks envisioned to support high speed data rate, multiple services and dynamic bandwidth
allocation. The linear impairments, such as chromatic dispersion and polarization mode
dispersion, could be compensated by digital signal processing at receiver.

According to the different structure of optical receiver, the optical OFDM can be categorized
as Coherent Optical OFDM (CO-OFDM) and Direct Detection Optical OFDM (DD-OFDM). CO-
OFDM system possesses better receiving sensitivity but needs high-cost installations, such as
narrow line-width laser source and optical hybrid [1], while DD-OFDM requires only
photodiodes for detection. DD-OFDM is attractive for short and medium distance beyond
40Gbps data rate transmission due to its receiver simplicity. Double-sideband signal generated
by intensity modulator suffers from power fading and subcarriers-to-subcarriers mixing
interference (SSMI) after fiber transmission in DD-OFDM [2, 3]. These impairments especially
the power fading restrict transmission distance and available signal bandwidth. Single-
sideband (SSB) signal generated by IQ modulator or dual-drive Mach-Zehnder modulator (MZM)
is impacted by SSBI after direct-detection. The SSBI reduces the available signal bandwidth or
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the receiver sensitivity. So a guard band between the optical carrier and the OFDM signal
sideband is usually required to avoid SSBI [4]. This guard band reduces the spectral efficiency.

Several techniques have been proposed to eliminate SSBI. Previously reported methods
include: (i) subcarrier interleaved: odd-numbered subcarriers carrying data and even-
numbered subcarriers adding zeros to make SSBI fall in even-numbered carriers after
photodiode. The detection signal is not affect by SSBI at the cost of reducing the spectral
efficiency [5]. (ii) Iterated distortion reduction: virtual single-side-band (VSSB) OFDM and
iterative detection is used to eliminate the SSBI. To improve system performance, a small gap is
reserved, which will also have the problem of lower spectral efficiency [6]. (iii) Compatible
single-sideband modulation: the idea is to apply the OFDM signal on the amplitude of the signal
[7], and (iv) baseband Optical OFDM: a dual-drive MZM is used to realize SSB modulation with
high carrier-to-signal-power ratio (CSPR) and low SSBI [8]. The CSPR in these two methods is
higher, generally more than 20dB, so relatively lower signal power is transmitted through fiber
which will reduce the receiver sensitivity. (v) Interleaved and turbo-coded OFDM-ROF system:
turbo codes and bitinterleaver is used to mitigate unbalanced error distribution caused by SSBI.
The detrimental impacts are only mitigated but not fundamentally inhibited [9, 10].

In this letter, symbol pre-distortion in baseband optical OFDM system is proposed to restrain
SSBI and eliminate the guard band for the first time. To achieve the designed signal after
demodulation, the transmitted signal is pre-distorted. The pre-distortion values can be
obtained through solving nonlinear equations by fixed point iteration. Most digital signal
processing complexity of symbol pre-distortion system is centralized in the transmitter and the
low-complexity feature is remained in the receiver. In order to keep the CSPR stable and achieve
higher spectral efficiency, the architecture of RF-tone assisted optical carrier and optical carrier
suppressed is used [5]. The CSPR can be easily achieved by controlling the relative amplitude of
the electrical signal. We show by simulation that the 40Gbps 16QAM optical OFDM system with
symbol pre-distortion has a 4dB better receiver sensitivity than that without symbol pre-
distortion in 100km metro transport networks.
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Fig 1. System schematic of RF-tone assisted baseband optical OFDM based on Symbol Pre-
distortion. LPFE, low-pass filter; OBPF, optical band pass filter; PD, photo-detector
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2. ORGANIZATION OF THE TEXT
2.1.Theoretical Models

The principle of symbol pre-distortion scheme is shown in Fig.1 and the mathematical model
for symbol pre-distortion is given as follows. The RF-tone assisted discrete-time electrical

Ny

OFDM signal can be expressed as E(n)=Ae’*"""™ +kZN: d(kee™ ™  where A is the assigned
amplitude of the RF-tone assisted optical carrier at the (—N;)-th subcarrier, d(k) is the data
symbol modulated on the K -th subcarrier. N; and N, are the indexes of the left- and
rightmost data subcarrier; then N,—N;+1 is the number of data subcarriers. N is the size of
IFFT. If —N, =N, -1 then there is no guard band. The optical spectrum of data symbol is shown
in Fig. 1. Hardware imperfections and fiber chromatic dispersion are pre-compensated at the
transmitter. So we assume that there are no hardware imperfections and fiber distortions. After
direct detection, the electrical signal infrequency domain can be written as

Y(N,) = Ad(N,) +[d(N,) d(N, +1) + d(N, +1)"d (N, +2) +...+ d(N, =1)"d(N,)]

Y(N, +1) = Ad(N, +2) +[d(N,)" d (N, +2) + d (N, +1) d (N, +3) +...+ d(N, —2) d(N,)]
Y(N, +2) = Ad(N, +2) +[d(N,) d(N, +3) + d(N, +1)"d (N, +4) +...+- d(N, —=3)"d(N,)] 0
Y(N, -1) = Ad(N, —1) +[d(N,)"d(N,)]

Y(N,)=Ad(N,)

Where * represents the complex conjugate and the DC term is disregarded. Received signal
Y =[Y(N,),Y (N, +1),Y(N, +2)..Y (N, -1),Y(N,)I" contains two parts: the first part represents the
desired signal, [Ad(N,),Ad(N, +1), Ad(N, +2)..Ad(N, 1), Ad(N,)]", and the second part is the SSBI.
It's obviously that the SSBI gradually decreases from the leftmost subcarrier, N:, to the
rightmost subcarrier, N,.The N, -th subcarrier is not affected by SSBI.

2.2.Principle of Symbol Pre-distortion

From Eq. (1), the demodulated signal vy is the sum of the desired signal and the SSBI.
Assuming received signal is the desired signal,Y =[Ad(N,), Ad(N, +1), Ad(N, +2)...Ad(N, -1), Ad(N,)]",
and transmitted signal  [d(N,),d(N, +1),d(N, +2)..d(N,-1),d(N,)]" is pre-distorted as
[X(N), X(N; +2), X(N; +2)..X(N, =1), X(N,)I" . Eq. (1) is then yielded as follows
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Ad(N,) = Ax(N,) +[X(N1)*X(N1 +1) + x(N, +1)*X(N1 +2)+...+X(N, —l)*X(NZ)]

Ad(N, +1) = AX(N, +2) +[x(N,)" X(N; +2) + X(N, +1)"X(N, +3) +...+ X(N, —=2)"x(N,)]
Ad(N, +2) = AX(N, +2) +[X(N,) X(N, +3) + X(N, +1)"X(N, +4) +...+ X(N, =3)"x(N,)] @)
Ad(N, —1) = AX(N, =1) +[x(N;)"x(N,)]

Ad(N,) = AX(N,)

N, - N, +1

Eq- (2) is a nonlinear equations with independent variables,

[XCNDX(N; +D,X(N; +2).. X(N, =2, X(N,)T' Through solving nonlinear equations, the symbol pre-
distortion values can be achieved. The function of symbol pre-distortion to mitigate the impact
of SSBI is shown in Fig. 2. Fig. 2 (a) presents the transmitted signal. After back-to-back
transmission, the received signal is affected by SSBI as shown in Fig. 2 (b). Fig. 2 (c) presents
the pre-distorted signal and Fig. 2 (d) presents the desired signal without SSBI.
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Fig 2. The function of Symbol Pre-distortion. a: Ideal constellation before Symbol Pre-
distortion; b: Disturbed constellation after demodulation; c: Imperfect constellation after
Symbol Pre-distortion; d: Nearly ideal constellation after demodulation

2.3.Fixed Point Iteration Solving Nonlinear Equations

To simplify the solution of solving nonlinear equations, fixed point iteration is used to
approximately solve the equations. The ideal symbol mapping values are utilized as
precondition. Eq. (1) shows that the rightmost subcarrier N, does not suffer from SSBI, so
X(N;) =d(N,). To accelerate the convergence of fixed point iteration, using the latest estimated
values X (,x'(2)..x' (k=1 not X', X*(2)..x*(k-1), to calculate X'(K), where i is the iteration
number. This method is similar to Gauss-Seidel [11], which is used to solve the linear equations.
We utilize the average value of error vector magnitude (EVM) at back-to-back transmission to
evaluate the symbol pre-distortion system performance. The solid line in Fig. 3 shows the back-
to-back EVM of numerical simulation versus the iteration number with different CSPR values of
8,10, 12 and 14-dB. The CSPR is defined as CSPR = |AF /2 |d(K) [6], where A and d(k) are
the amplitude of the inserted RF-tone and the data on the K -th subcarrier respectively. Fixed
point iteration is effective when CSPR is larger than 8-dB. However, even CSPR is larger than
8dB, not all of the iterations converge. Take CSPR=12-dB for example, EVM is reduced from 17.7%
to 4.9% after the first iteration. However, iteration begins divergence from the second iteration
which is caused by invalidation of iteration algorithm.
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Fig 3. EVM at Back-to-back versus the iteration number at different CSPR with and without
restriction

For different OFDM symbols, not all the iterations will converge. So a proper restriction to
terminate iteration is necessary. The detailed process of fixed point iteration with restriction to
find the optimal pre-distortion values is shown in Fig. 4. Using the i-th iteration results

[X'(N,), X' (N, +2)..X' (N, =X (N)I" to calculate |[EVM|, where |EVM| is the average value of all
data subcarriers. If |EVM| is greater than the values of previous iteration, then terminate the
iteration process. Since a large number of iterations will increase the computation complexity,
a maximum iteration number should be set to balance the computation complexity and system
performance. The dotted line in Fig. 3 shows the EVM with a restriction versus the iteration
number at different CSPR. Take CSPR=12dB for example, EVM converges to 3.1% after 5-th

iteration. The convergence of EVM values is attributed to early terminating iteration for some
divergent symbols.

Fig 4. The process of fixed point iteration and the way to find the optimal pre-distortion
values. [EVM[: Using the i-th iteration results[x'(N).x (N, +2)..x'(N,-Dx'(N,)I' to calculate the average
of EVM
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An advantage of fixed point iteration is lower computational complexity, but it requires a
relatively higher CSPR. To the author’s best knowledge, Wu Elimination Method (WEM) [12]
and Genetic Algorithms [13] have better convergence performance, but higher complexity. So
developing a better-designed and lower-complexity method to solve the nonlinear equations is
the key to improve the system performance.

2.4.Some Practical Implementation Issues in Symbol Pre-Distortion

In the section of theoretical models, we assume that all devices are ideal and back-to-back
transmission condition. However, in practical application, signal will suffer from waveform
distortions caused by frequency-dependent hardware imperfections and chromatic dispersion.
In order to ensure Eq. (1) established, hardware imperfections before photo-detector and
chromatic dispersion should be pre-compensated after symbol pre-distortion as shown in Fig.1.

Hardware imperfections include amplitude distortion and phase distortion. Waveform
distortion compensation methods, such as frequency domain equalization (FDE) [14, 15] and
time domain equalization using a finite impulse-response (FIR) filter, can be used to
compensate these imperfections. FDE is more attractive in optical OFDM communication,
because of the high frequency spectrum resolution and less computational complexity by only
using complex multiplication before the IFFT operation.

The total length of fiber is difficult to be precisely estimated and the dispersion coefficient
slowly changes with the external environment, such as temperature, so we can’t exactly
estimate the total amount of dispersion. The equalization module after FFT is used to
compensate the residual dispersion and waveform distortions caused by frequency-dependent
hardware imperfections of receiver, especially the electric amplifiers, low-pass filter (LPF) and
analog to digital converter (ADC). A specially designed training symbols with subcarrier
interleaved, which can protect the training symbols form being affected by the SSBI, would be
needed for channel equalization [5, 6]. The training symbols are not needed to be pre-distorted
as shown in Fig. 5. The OFDM transmitted packet and the optical spectra of training symbols
and data symbols are shown in Fig. 5.

\ Switch
S

Training Symbols

Fig 5. Optical spectra of training symbols and data symbols in a transmitted packet

3. SIMULATION AND DISCUSSION

We use MATALB and VPITransmissionMaker for simulation to assess the relative
performance of the RF-tone assisted baseband optical OFDM system with and without symbol
pre-distortion. The system diagram for simulation is shown in Fig. 6 and the system simulation
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parameters are shown in Table 1. There are 5 different training symbols with lower peak to
average power ratio (PAPR) before 400 data symbols. The raw data rate is ~40Gbps. The
transfer functions of all subcarriers are obtained by the training symbol in the frequency
domain. The data symbol with linear distortion, such as phase distortion caused by residual
dispersion, is compensated by multiplying the inverse of transfer function.

Transmitter Receiver
Modulation Demodulation
v v
| bAc | DAC | o8
v v
| | LeF |

l LPF
6dBm
1Q |
Modulator 30km 70km
PD

EDFA 1nm

4490

13dBm

Fig 6. Simulation architecture of 40Gbps data rate

Table 1. Simulation parameters of the RF-tone assisted baseband optical OFDM system

Parameter Value
QAM format 16QAM
IFFT and FFT size 256,256
Number of signal subcarriers 107
Cyclic prefix 1/8
Sample rate of DAC and ADC 24, 24GSample/s
Power and Line-width of laser 13dBm, 100kHz

Optical modulation index [5, 6], Loss,

Extinction ratio 0.12,5dB, 30dB

launch power of IQ modulator -4dBm
Gain and Noise figure of EDFA 16dB, 5dB
Length of SMF 30km+70km
Chromatic Dispersion and Polarization Mode 16ps/ (mrkm)  0.2ps/Jkm
Dispersion ’
Equivalent input noise density of PD 1x10™A/Hz

The system performance in terms of BER as a function of the CSPR under back-to-back
condition is illustrated in Fig. 7. The maximum iteration number is set to be 8. The CSPR values
of 12dB and 18dB are found to be the optimum values for the system with and without symbol
pre-distortion. To the right of the optimum CSPR values with and without symbol pre-distortion,
the system performance is limited by the lower photoelectric conversion efficiency [5]. To the
left of the optimum CSPR=18dB without symbol pre-distortion, the system performance is
limited by the SSBI, while to the left of the optimum CSPR=12dB with symbol pre-distortion,
the BER deteriorate sharply with a decreasing CSPR, which is caused by the invalidation of
iteration algorithm. So to further improve the receiver sensitivity of the symbol pre-distortion
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system by employing a lower CSPR value [5], a better-designed and lower-complexity method
of solving nonlinear equations, Eq. (2), should be developed.
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Fig 7. BER versus CSPR with and without symbol pre-distortion under back-to-back
condition

The BER performance as a function of received power with and without symbol pre-
distortion is shown in Fig. 8. To optimize system performance, the CSPR with pre-distortion is
set to 12dB and 18dB is applied for that without pre-distortion, and other parameters are
identical. The receiver sensitivity with symbol pre-distortion at forward error correction (FEC)
threshold (BER=1x10"° and redundancy ratio of 7% [16]) is ~4dB better than the system
without symbol pre-distortion. This is attributed to the symbol pre-distortion which reduces
the requirement for CSPR and suppresses the SSBI. The symbol pre-distortion system after
100km SMF transmission has a 0.5dB power penalty compared with B2B transmission, which
is caused by fiber nonlinearity Kerr effect instead of polarization mode dispersion.
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Fig 8. BER versus received power with and without symbol pre-distortion

Fig. 9 describes the received power penalty versus the residual chromatic dispersion at BER
of 1x10° after 100km SMF transmission. The power penalty of 1dB tolerates residual
dispersion of ~75ps/nm. Therefore, the symbol pre-distortion system does not need precise
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dispersion pre-compensation. This indicates that the system has the robustness towards the
estimation accuracy of chromatic dispersion.
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Fig 9. Received power penalty as a function of residual dispersion.

4. CONCLUSION

In conclusion, linearly field modulated, direct-detected optical OFDM suffers from SSBI, so
available signal bandwidth and receiver sensitivity are seriously reduced. We propose the
symbol pre-distortion method to effectively suppress the SSBI in a RF-tone assisted baseband
optical OFDM system, which utilizes appropriate algorithm to solve nonlinear equations.
Simulation results demonstrate that the 40Gbps 16QAM optical OFDM system based on symbol
pre-distortion has a 4dB better sensitivity than that without pre-distortion after 100km SMF
transmission. Therefore the symbol pre-distortion is a better method which makes lower CSPR,
better receiver sensitivity and higher lever modulation baseband OOFDM scheme possible.
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